The photosynthetic gene rbcL has been lost or dramatically altered in some lineages of nonphotosynthetic parasitic plants, but the dynamics of these events following loss of photosynthesis and whether rbcL has sustained functionally significant changes in photosynthetic parasitic plants are unknown. To assess the changes to rbcL associated with the loss of functional constraints for photosynthesis, nucleotide sequences from nonparasitic and parasitic plants of Scrophulariales were used for phylogeny reconstruction and character analysis. Plants in this group display a broad range of parasitic abilities, from photosynthetic (''hemiparasites'') to nonphotosynthetic (''holoparasites''). With the exception of Conopholis (Orobanchaceae), the rbcL locus is present in all parasitic plants of Scrophulariales examined. Several holoparasitic genera included in this study, including Boschniakia, Epifagus, Orobanche, and Hyobanche, have rbcL pseudogenes. However, the holoparasites Alectra orobanchoides, Harveya capensis, Harveya purpurea, Lathraea clandestina, Orobanche corymbosa, O. fasciculata, and Striga gesnerioides have intact open reading frames (ORFs) for the rbcL gene. Phylogenetic hypotheses based on rbcL are largely in agreement with those based on sequences of the nonphotosynthetic genes rps2 and matK and show a single origin of parasitism, and loss of photosynthesis and pseudogene formation have been independently derived several times in Scrophulariales. The mutations in rbcL in nonparasitic and hemiparasitic plants would result in largely conservative amino acid substitutions, supporting the hypothesis that functional proteins can experience only a limited range of changes, even in minimally photosynthetic plants. In contrast, ORFs in some holoparasites had many previously unobserved missense substitutions at functionally important amino acid residues, suggesting that rbcL genes in these plants have evolved under relaxed or altered functional constraints.
Introduction
The ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) protein in land plants consists of eight small subunits encoded by a nuclear multigene family and eight large subunits encoded by a single chloroplast gene (reviewed in Kellogg and Juliano 1997) . The function of the protein, carbon dioxide fixation, has been known for decades, but only recently have the structural features important to protein function been elucidated (Lorimer 1981; Hartman, Stringer, and Lee 1984; Igarishi, McFadden, and El-Gul 1985; Hartman et al. 1987; Lorimer, Gutteridge, and Madden 1987; Chapman et al. 1988; Knight, Andersson, and Brändén 1990; Newman and Gutteridge 1990, 1993; Ranty, Lorimer, and Gutteridge 1991; Schreuder et al. 1993a Schreuder et al. , 1993b ; reviewed in Kellogg and Juliano 1997) . For example, the active site is located on the large subunit and is formed by C-terminal loops of a barrel structure formed by eight ␣ helices and eight ␤ sheets.
The large subunit has 476 amino acid residues. Important functional sites and conserved regions of the protein have been elucidated by structural and mutational analyses (previous citations), and recently by a comparative survey of rbcL sequences from 499 species of seed plants (Kellogg and Juliano 1997) . Kellogg and Juliano (1997) found that 35% of all residues associated with the active site were absolutely conserved (75% were highly conserved with one amino acid change observed across 499 taxa) and 24% of sites associated with intersubunit interactions were absolutely conserved (51% highly conserved). In addition, 22% of all residues show no variation among 499 seed plants, and 110 sites had changes in only one of the species assayed.
The conservative evolution of the RuBisCO large subunit can be directly attributed to the important function of carbon dioxide fixation. The mutations observed in the protein across 499 seed plants are found primarily in structurally nonconserved regions. Amino acid substitutions within structurally important regions are generally of a small subset of biochemically similar residues (often a toggling between two alternative amino acids), which would not necessarily affect the function of the protein. The conserved nature of the protein makes it useful in phylogeny reconstruction because of the slow rate of nonsynonymous substitutions (Wolfe, Li, and Sharp 1987; Chase et al. 1993) . In other words, there are strong selective constraints on the protein to maintain structure and function.
Of the rbcL sequences for 499 species of seed plants analyzed by Kellogg and Juliano (1997) , only five were in lineages with parasitic, mycoheterotrophic, or nonphotosynthetic members (Burmanniaceae, Krameriaceae, Pyrolaceae, Santalaceae, and Viscaceae; Chase et al. 1993) , and Burmannia was the only nonphotosynthetic plant included in the analysis. Parasitic plants absorb water and/or nutrients from a host plant through a connecting tissue (haustorium); mycoheterotrophic plants parasitize fungi or other plants through a fungal intermediary. Despite the known utility of rbcL in phylogeny reconstruction, no studies have used this gene to examine phylogenetic relationships of parasitic plants, primarily because parasitic plants that have lost photosynthetic ability may no longer be under selective constraints to maintain the structure and function of proteins involved in photosynthetic reactions. Therefore, rbcL may be altered substantially or lost, as is evident in holoparasitic plants of Scrophulariales. For example, the entire rbcL locus is missing in Conopholis (Orobanchaceae; Colwell 1994) , and only a remnant of the gene remains in Epifagus (Orobanchaceae; dePamphilis and Palmer 1990; Wolfe, Morden, and Palmer 1992; reviewed in dePamphilis 1995) . Low levels of RuBisCO activity were observed in the holoparasitic genera Lathraea (Scrophulariaceae; Thalouarn, Arnaud, and Renaudin 1989; Thalouarn and Renaudin 1991; Delavault, Sakanyan, and Thalouarn 1995) and Cuscuta (Cuscutaceae; Machado and Zetsche 1990; Haberhausen, Valentin, and Zetsche 1992) , whereas no rbcL expression has been recorded for species of the holoparasitic genera Epifagus, Conopholis, and Orobanche (Orobanchaceae; de la Harpe, Grobbelaar, and Visser 1980; Press, Shah, and Stewart 1986; dePamphilis and Palmer 1990; Thalouarn et al. 1994) . The coding region for rbcL is intact in Lathraea, Cuscuta, and at least two species of Orobanche (Thalouarn, Arnaud, and Renaudin 1989; Machado and Zetsche 1990; Delavault, Sakanyan, and Thalouarn 1995; Wolfe and dePamphilis 1997) . In addition, Wolfe and dePamphilis (1997) found dramatically different patterns of evolution among four species of Orobanche, in that two New World species have intact rbcL reading frames, and two Old World species have pseudogenes resulting from deletions and/or insertions (indels). The two pseudogenes shared very few indels and were hypothesized to have diverged independently from a common ancestral sequence with an intact rbcL reading frame .
Additional concerns about using rbcL nucleotide sequence data for phylogeny reconstruction of parasitic plants deal with data gathering and analysis. The first concern is about the physical manipulation of the DNA of parasitic plants. Nonphotosynthetic plants may have smaller numbers of plastid DNA molecules than photosynthetic plants and are subject to high levels of sequence divergence in photosynthetic and other genes (dePamphilis and Palmer 1990; Delavault, Sakanyan, and Thalouarn 1995; dePamphilis 1995; Wolfe and dePamphilis 1997; Nickrent et al. 1997 Nickrent et al. , 1998 ; they are thus prone to problems with contamination during polymerase chain reaction (PCR) techniques such as amplification of photosynthetic genes. Contamination has been reported for an rbcL sequence of Cuscuta (Olmstead and Palmer 1994) , where host-tissue DNA, rather than parasitic plant DNA, was amplified. In addition, the rbcL gene of the parasitic plant may be so highly modified with deletions and insertions that it is not amplifiable or, if it can be sequenced, it is extremely difficult to align (e.g., Epifagus has only a 450-bp remnant of rbcL; Wolfe, Morden, and Palmer 1992) . Another concern is with regard to analysis of DNA sequences from parasitic plants. For example, the mycoheterotrophic genus Burmannia has been included in several phylogenetic analyses (Gaut et al. 1992; Duvall et al. 1993; Chase et al. 1993 ), but its rbcL sequence has evolved at an accelerated rate compared with related monocots, resulting in apparent misplacement of the sequence in phylogeny reconstructions. Long-branch attraction (Felsenstein 1978) has also been noted in other parasitic plant lineages in phylogenetic trees based on 18S rDNA sequence data (Nickrent and Starr 1994; Nickrent et al. 1998) . Therefore, it is uncertain that phylogeny reconstruction based on rbcL sequences of parasitic plants will be useful in light of the presumed relaxed functional constraints and possible increased rates of substitution.
Although it is clear that photosynthetic genes can be lost or dramatically altered in some nonphotosynthetic lineages, nothing is known of the dynamics of these events or whether important changes to the rbcL gene (and the large-subunit protein) begin to accrue prior to the loss of photosynthesis. At least two alternative hypotheses may explain the loss of function in rbcL pseudogene formation: (1) the protein is completely functional up to the loss of the reading frame via a stop codon or indel (i.e., a catastrophic loss of function), or (2) the function of the protein slowly degrades as amino acid replacements affect the structure and/or biochemical properties of the protein.
To evaluate the effect of relaxed functional constraints on the photosynthetic gene rbcL, we traced the pattern of mutations in a lineage of parasitic plants encompassing the entire range of parasitic ability, from nonparasitic (photosynthetic) to holoparasitic (nonphotosynthetic). Plants that are parasitic and photosynthetic are called hemiparasites, and they primarily absorb water and nutrients from their host plants. We studied plants of the Scrophulariaceae and Orobanchaceae, lineages within Scrophulariales that include nonparasitic, hemiparasitic, and holoparasitic members. It is also clear that the loss of photosynthesis has occurred independently several times in Scrophulariales based on phylogeny reconstructions of rps2 and matK (dePamphilis, Young, and Wolfe 1997; unpublished data) . Phylogenies based on nonphotosynthetic genes are ideal for comparison of a phylogeny reconstruction based on the photosynthetic gene rbcL, in that they allow us to test whether increased rates of substitution or the inclusion of rbcL pseudogenes will result in a tree topology that is incongruent with results from other data analyses.
Materials and Methods
Total DNAs were isolated from 27 species representing 20 genera of Scrophulariaceae and Orobanchaceae (table 1) . Voucher data are given in dePamphilis, Young, and . rbcL was PCR-amplified using the RH1 (5Ј) and 1352R (3Ј) primers as reported in Wolfe and dePamphilis (1997) . Purification of PCR product and sequencing also were as in Wolfe and dePamphilis (1997) with sequences obtained from both strands. Additional sequences of taxa from Scrophulariales were obtained from GenBank (table 1) .
The rbcL sequences were aligned using the CLUS-TAL V program (Higgins, Bleasby, and Fuchs 1992) , and the results were adjusted to obtain the best alignment for each region based on conserved sequences. Most of the rbcL pseudogene from Epifagus was unalignable and was therefore not included in the phylo- (Olmstead and Reeves 1995; dePamphilis, Young, and Wolfe 1997; Wolfe and dePamphilis 1997) , and because it is the closest relative to Scrophulariales with an entire chloroplast genome sequence (Shinozaki et al. 1986 ). PAUP 3.1.1 (Swofford 1993 ) was used for phylogeny reconstruction using the rbcL nucleotide sequences. The heuristic search used the following options: addition sequence ϭ random with 3,000 replicates (starting number ϭ 333); all maximum-parsimony trees were kept with each replicate; swapping algorithm ϭ TBR with steepest descent; collapse option in effect; mulpars option in effect; and number of trees held at each step ϭ 10. Branch lengths were calculated with the ACCTRAN transformation. A parsimony jackknife analysis (Farris et al. 1996) with 10,000 replicates and a 50% cutoff option in effect was used to assess support for the tree. A bootstrap analysis with 2,000 replicates employed the same parameters as the heuristic search except that the addition sequence option used one random replication and there was no branch swapping. Bootstrapping without the branch-swapping option in effect may underestimate the actual relative nodal support of a clade (R. G. Olmstead, University of Washington, personal communication; unpublished data), so the bootstrap values calculated in this analysis may underrepresent the phylogenetic signal present in these data.
The synonymous (K S ) and nonsynonymous (K N ) substitution rates and distances for rbcL from N. tabacum and all species of Scrophulariaceae and Orobanchaceae included in the study, and from selected taxa from other families in Scrophulariales (table 1), were calculated after a Jukes-Cantor correction using MEGA (Kumar, Tamura, and Nei 1993) . Sites with potential stop codons were removed from the pseudogene sequences to facilitate computation. Gaps and missing data were removed only in the pairwise comparisons. Average K S and K N and K S /K N were calculated for rbcL from different categories of parasitic Scrophulariaceae/Orobanchaceae (e.g., nonparasitic, hemiparasitic, and holoparasitic) to determine whether there is an overall trend in substitution rates with increasing heterotrophy. K S and K N are not defined for pseudogenes, and we did not attempt to calculate these values for pseudogene evolution. Inclusion of the pseudogene sequences aligned in the reading frame of the other genes gave us the means to assess whether inferred synonymous and nonsynonymous substitutions may have occurred prior to pseudogene formation. For example, if a nucleotide substitution was a synapomorphy for a lineage with intact reading frames and pseudogenes, it is probable that the substitution occurred prior to pseudogene formation.
The sequences for the rbcL coding region were translated using the computer program MacVector 4.1.5 (Eastman Kodak Co., Rochester, N.Y.). Gap positions were maintained, but nucleotide insertions from rbcL pseudogene sequences were not included in the translation in order to reconstruct the most conservative protein alignments.
The inferred protein sequences and hypothetical inframe translations of pseudogenes were aligned using CLUSTAL V (Higgins, Bleasby, and Fuchs 1992) . Nonconserved amino acids in the polypeptide chain were analyzed by plotting the number of character step changes (amino acid replacements) along the length of the polypeptide onto the topology generated from the strict consensus tree of a combined rps2/matK data set (unpublished data) using MacClade (Maddison and Maddison 1992) . The character changes were mapped onto the tree, and histograms depicting the number of step changes per site were also calculated. Three categories were included in the histogram analysis: (1) nonparasitic plants; (2) hemiparasitic clades and hemiparasitic clades with holoparasitic members; and (3) holoparasitic clades (mostly consisting of hypothetical inframe translations). In addition, a comparison of amino acid substitutions along the length of the RuBisCO large-subunit polypeptide was performed for taxa in this study and for 499 seed plants, following Kellogg and Juliano (1997) .
To assess the effect of amino acid replacements on the structure and function of the RuBisCO large-subunit polypeptide, we conducted a pam250 match/mismatch analysis (Dayhoff, Schwartz, and Orcutt 1978) on the translated protein sequences for taxa from all categories of parasitic plants in the Scrophulariaceae and representative nonparasites of Scrophulariales (table 1) . Dayhoff, Schwartz, and Orcutt (1978) , using empirical data for many proteins (hemoglobins, fibrinopeptides, cytochrome c), constructed a table (the pam250 match/mismatch scores matrix) of amino acid substitution probabilities that shows the probabilities of the substitution of one amino acid for another. Amino acids that have similar biochemical properties are more likely to be substituted with one another than with biochemically dissimilar amino acids, and this is reflected in the values given in the pam250 matrix. These substitution probabilities are measured in terms of ''PAM'' (percent accepted mutations), with one unit representing one amino acid substitution per 100 residues.
Using the reference protein from the outgroup, N. tabacum, pam250 match/mismatch scores were calculated over the entire length of the polypeptide and from important structural motifs by assigning a pam250 value from the diagonal matrix scores to each amino acid in the polypeptide sequence of N. tabacum. For example, at amino acid position 157, N. tabacum has a valine residue (V; nonpolar, hydrophobic) with a pam250 match/mismatch score of 4. At position 157, species of Alectra, Buchnera, Cycnium, Harveya, Hyobanche, and Striga have a serine residue (S; uncharged, polar). The rbcL Molecular Evolution 1247 FIG. 1.-Phylogeny reconstruction based on maximum-parsimony analysis of rbcL nucleotide sequences; strict consensus of 18 mostparsimonious trees with 1,448 steps (CI ϭ 0.509, RI ϭ 0.562, RC ϭ 0.286). An arrow indicates a monophyletic parasite clade including genera traditionally assigned to Orobanchaceae. Abbreviations for families in Scrophulariales and outgroup families: ACA ϭ Acanthaceae, BIG ϭ Bignoniaceae, CLL ϭ Callitrichaceae, GES ϭ Gesneriaceae, GLO ϭ Globulariaceae, LEN ϭ Lentibulariaceae, MYO ϭ Myoporaceae, ORG ϭ Orobanchaceae, PED ϭ Pedaliaceae, PLA ϭ Plantaginaceae, SOL ϭ Solanaceae. Bootstrap values are indicated by numbers with percentage signs, number of synapomorphies for each node or terminal branch lengths are shown in parentheses and parsimony jackknife values are depicted as follows: wide black lines ϭ 90%-100%, wide gray lines ϭ 80%-89%, wide hashed lines ϭ 70%-79%. pam250 match/mismatch score for the transition from V to S is Ϫ1. The pam250 match/mismatch score difference for these taxa at site 157 is ⌬ ϭ 4 Ϫ (Ϫ1) ϭ 5. Across the length of the polypeptide, N. tabacum has the highest possible total pam250 match/mismatch score. If another taxon has an identical polypeptide sequence, its pam250 match/mismatch score would equal the score for N. tabacum. However, if a taxon has a different polypeptide sequence, the score will be lower by the differences compiled for each amino acid substitution along the length of the polypeptide. The significance of differences was assessed using a Wilcoxon two-sample test based on ranks in pairwise comparisons with N. tabacum (Sokal and Rohlf 1995) . The assumption of this analysis is that if pam250 scores for the translated proteins from parasitic plant taxa are not significantly different from the reference protein, the inferred polypeptide should resemble a ''normal'' protein from a related photosynthetic plant. If so, this would be an indicator that the functional constraints for photosynthesis have not been relaxed in parasitic plant taxa. However, if the pam250 scores are significantly different for parasitic plant taxa, we can assume that the protein is also different (possibly nonfunctional) and that there may be relaxed functional constraints on the protein associated with the loss of photosynthesis.
FIG. 2.-Character mapping of rbcL analyses onto a strict-consensus tree topology generated from a combined data set of rps2 and matK sequences (dePamphilis, Young, and Wolfe 1997; unpublished data) . Character mapping shows the loss of photosynthesis (ⅷ) and rbcL pseudogene formation (⌿) in the Scrophulariaceae parasite clade. pam250 scores are listed to the right of taxon names (⌬ ϭ P Ͻ 0.1; ** ϭ P Յ 0.025; *** ϭ P Յ 0.005). The number of amino acid substitutions or structural mutations (indels) per branch (designated by number in box) is listed under the branch (amino acid substitutions/structural mutations). n/a ϭ number of substitutions not calculated in polytomies. An arrow indicates a monophyletic parasite clade including genera traditionally assigned to Orobanchaceae.
Results

Phylogeny Reconstruction
Maximum-parsimony analysis of 62 rbcL sequences yielded 18 most-parsimonious trees with 1,448 steps (consistency index [CI] ϭ 0.509, retention index [RI] ϭ 0.562, rescaled consistency index [RC] ϭ 0.286). There were two major results from this analysis. First, the strict-consensus tree ( fig. 1 ) revealed that Scrophulariaceae, as traditionally circumscribed, are not monophyletic. The second major result was the confirmation of a single origin of parasitism in the Scrophulariales (dePamphilis, Young, and Wolfe 1997; Nickrent et al. 1998 fig. 2 ).
b rbcL pseudogene sequences only.
Synonymous and Nonsynonymous Substitution Rates
K S and K N and K S /K N for rbcL from different categories of parasitic Scrophulariaceae are listed in table 2. As heterotrophy increases in Scrophulariaceae, there is an average increase in K S . In contrast, K N does not appear to be affected greatly until the selective constraint is removed and pseudogenes are formed. There is a bias toward synonymous substitutions in parasitic plants with rbcL open reading frames (ORFs), as evidenced by the high K S /K N ratios compared with nonparasitic Scrophulariaceae. This bias is retained even in the related holoparasitic species Orobanche corymbosa and Orobanche fasciculata, where synonymous substitutions (K S ϭ 0.1149 Ϯ 0.0196) significantly exceed nonsynonymous substitutions (K N ϭ 0.0152 Ϯ 0.0038) by a factor of 7.56 (H O : K S ϭ K N ; t ϭ 4.9937; P K 0.001; Kumar, Tamura, and Nei 1993, pp. 24-26) . The inferred rate of nucleotide substitution for the rbcL pseudogene sequences is much higher than that for the intact reading frames, reflecting the lack of functional constraints associated with pseudogenes.
Amino Acid Substitutions
A histogram of character step changes (amino acid replacements) plotted against the tree topology depicted in figure 2 reveals a pattern of increasing amino acid substitution with increasing heterotrophic ability ( fig. 4 ). Nonparasitic plants have many regions in the polypeptide in which no amino acid substitutions occur, whereas hemiparasites and holoparasites have increasing numbers of amino acid substitutions compared with nonparasites. Holoparasites also have more amino acid substitutions than do hemiparasites. The increased number of substitutions in the different classes of parasitic plants Kellogg and Juliano (1977) ;ˇindicates intradimer interactions, • indicates dimer-dimer interactions, and # represents interactions between large and small subunits. Alpha-Beta barrel rand active site residues are also indicated.
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b Usage follows Kellogg and Juliano (1997) ; boldface abbreviations represent amino acid substitutions found in two or more taxa; * ϭ stop codon. c Abbreviations for parasitic classification: NP ϭ nonparasite, HE ϭ hemiparasite, HO ϭ holoparasite, HO ϭ holoparasite with rbcL pseudogene. Plant categories with different letters denote statistically significant differences (one-way ANOVA with multiple comparisons using a Tukey-Kramer HSD) at P Ͻ 0.05 (q ϭ 2.74, df ϭ ␤, n ϭ 31; SAS Institute Inc. 1995).
reflects both the quantity and the distribution of substitutions along the length of the polypeptide.
To further assess the effect of amino acid replacements on the large subunit of RuBisCO, we charted amino acid replacements in a similar fashion to Kellogg and Juliano (1997) (table 3) . Only amino acid residues not observed in the Kellogg and Juliano (1997) study, or for which only a single taxon of the 499 were reported to have a particular amino acid change compared to the other 498, are included here. The amino acid residues previously recorded for 499 seed plants are listed, along with the new substitutions observed in this study. Kellogg and Juliano (1997) reported that 105 of 476 amino acid residues were absolutely conserved and an additional 110 residues have been modified in only 1 of the 499 species assayed (highly conserved sites). We found 14 new amino acid substitutions at sites in Kellogg and Juliano's (1997) absolutely conserved category, of which 13/14 are from nonphotosynthetic plants and 1 is from a nonparasite (amino acid position 264 I → M in Alonsoa unilabiata). For highly conserved sites (with toggling back and forth between 2 amino acid residues, or for which all but 1 of the 499 had a single residue), we found 27 sites with new amino acid substitutions and two sites at which the amino acid replacement matched the report of a single taxon change from the conserved site. Of these 29 sites, 27 of the changes were found only in nonphotosynthetic plants.
An analysis of pam250 scores ( fig. 2 and table 4) for RuBisCO large-subunit polypeptide sequences re-veals that all species of nonparasitic and hemiparasitic plants have similar scores; therefore, RuBisCO proteins from these categories of plants may be biochemically similar to the reference protein from tobacco. In addition, half of the polypeptides from holoparasitic plants are also indistinguishable from the reference protein.
The only sequences with significant differences are the hypothetical in-frame translations of the rbcL pseudogenes ( fig. 2) .
Discussion
Phylogeny Reconstruction Based on rbcL
Studies employing rbcL sequencing for phylogeny reconstruction of taxa or for studies of molecular evolution in the Scrophulariaceae have been restricted to nonparasitic plants until recently (Olmstead and Reeves 1995; dePamphilis, Young, and Wolfe 1997; Wolfe and dePamphilis 1997) . Olmstead and Reeves (1995) sequenced rbcL and ndhF from nine nonparasitic genera of Scrophulariaceae for phylogenetic analysis of the Scrophulariales. The ability of rbcL nucleotide sequence data to resolve phylogenetic relationships was less than that of ndhF sequences, which evolve at a slightly faster rate (Olmstead and Sweere 1994) , or from combined rbcL and ndhF data sets. However, ndhF is not useful for phylogenetic analysis of parasitic genera of Scrophulariaceae because of the loss of the locus in most of the taxa assayed or the high level of sequence divergence among those taxa that have retained the gene (unpublished data). From the results of the rbcL and ndhF sequence analyses, two distinct clades of genera in the Scrophulariaceae were separated by taxa from other families in Scrophulariales (Olmstead and Reeves 1995) . Our results confirm that Scrophulariaceae is not a monophyletic group, and suggest that the traditional Scrophulariaceae may be a large paraphyletic grade. However, our results differ from those of Olmstead and Reeves (1995) in the topological positions of the major clades.
Parasitism in the Scrophulariales
The major phylogenetic finding in our study was the agreement between results based on rbcL sequences and those based on other plastid genes (dePamphilis, Young, and Wolfe 1997; Nickrent et al. 1998 ) that all parasitic plants of Scrophulariales form a clade that includes all examined genera traditionally assigned to Orobanchaceae ( fig. 1 ). As Cronquist (1988, p. 432) put it, ''[t]he evolutionary journey toward parasitism obviously begins with chlorophyllous root-parasites in the Scrophulariaceae; the Orobanchaceae merely occupy the house at the end of the road.'' The results presented here and those from studies using other chloroplast and nuclear gene sequences (dePamphilis, Young, and Wolfe 1997; Nickrent et al. 1998 ; unpublished data) reveal that Orobanchaceae is firmly nested within Scrophulariaceae. The phylogeny reconstruction based on a combined analysis of rps2 and matK depicts Orobanchaceae as a clade, whereas results based on rbcL show Orobanchaceae as a grade in the monophyletic group of parasites (figs. 1-2). Because the holoparasitic genera of Orobanchaceae are part of the parasite clade, we suggest the interim use of the family designation Scrophulariaceae to include all of the parasitic genera of Scrophulariales until a reclassification of the order is completed.
Six nucleotide substitutions within the rbcL gene support the monophyly of the parasites ( fig. 1) . However, relative nodal support, as measured by the parsimony jackknife and bootstrap values, is very low for the parasite clade ( fig. 1) . In contrast, the support for this clade is high based on rps2 data alone (bootstrap ϭ 86%, Bremer support ϭ 4; dePamphiis, Young, and Wolfe 1997) and a combined rps2/matK data set (bootstrap ϭ 99%, Bremer support ϭ 11; unpublished data). We conclude, therefore, that the phylogenetic signal in the rbcL data set is real and that the monophyly of the parasites is supported in phylogeny reconstructions from analyses of three plastid gene sequences.
Phylogenetic Utility of rbcL in Parasitic Plants
Concerns about using rbcL for phylogeny reconstruction of parasitic plants include the possibility of DNA contamination, long-branch attractions, and unavailability of sequence data for comparison with nonparasitic taxa due to absence of the gene (Olmstead and Palmer 1994) . Contamination is a definite concern in dealing with photosynthetic genes of parasitic plants, and extreme measures must be used to reduce the possibility of contamination during extraction and PCR amplification. Control measures implemented in this study included acid treatment and baking of mortars and pestles, UV irradiation of solutions, temporal separation of DNA isolation for parasitic and nonparasitic plant DNA, and isolation of DNA in a fume hood away from the main laboratory. We did not see any obvious evidence of long-branch attractions in the data analysis. Instead, the topology resulting from the rbcL analysis was very similar to the gene trees obtained from rps2 (dePamphiis, Young, and Wolfe 1997) and matK sequences (unpublished data). The absence of rbcL data eliminated two holoparasitic taxa from the analysis-Epifagus, with an unalignable remnant of the gene, and Conopholis, which lacks the rbcL locus entirely.
The agreement of the rbcL tree with two other plastid gene trees and the general congruence of the rbcL tree to preliminary 18S rDNA results (Nickrent et al. 1998 ) demonstrate that rbcL can be a useful gene for phylogeny reconstruction in parasitic plant lineages. These results suggest that other groups of parasitic and mycoheterotrophic plants may be connectable to the existing rbcL data set if taxon sampling is dense enough. Our success with rbcL may have resulted from the unique diversity of hemiparasites and holoparasites in a single lineage. Most other groups of parasitic plants and mycoheterotrophs are restricted to either hemiparasites or holoparasites, but rarely (e.g., Pyrola) have a continuum of parasitic abilities like that found for Scrophulariaceae (dePamphilis 1995). The placement of holoparasitic lineages with greatly altered rbcL pseudogenes, and with genes that lack close relatives, may remain a challenge. For example, if O. cernua and O. ramosa are used as the sole representatives of the Scrophulariaceae parasite lineage, the topology of the entire tree changes dramatically (results not shown).
Holoparasitism and rbcL Pseudogene Formation
Although holoparasitism has arisen independently several times in Scrophulariaceae ( fig. 2) , it is clear that rbcL pseudogene formation is not an immediate consequence of the loss of photosynthesis in all holoparasitic lineages. Each of the five lineages of holoparasites has taxa with intact ORFs for rbcL ( fig. 2) .
In nuclear genomes, a common model of pseudogene formation is the duplication of a gene with one copy of the gene becoming nonfunctional (Hardison 1991; Gottlieb and Ford 1997) . However, this mode of pseudogene formation has not been observed within chloroplast genomes. Instead, pseudogene formation is usually the result of genome rearrangements or deletions within the coding region of a gene Ogihara, Terachi, and Sasakuma 1991; Shimada and Sugiura 1991; Taylor et al. 1991; Wolfe, Morden, and Palmer 1992; Downie et al. 1994; Haberhausen and Zetsche 1994) . There are also hypotheses that plastid genes transferred to the nucleus or mitochondrion may represent pseudogenes (Stern and Lonsdale 1982; Makaroff and Palmer 1987; Manhart 1994) . However, there are no studies that demonstrate rbcL pseudogene formation via the latter mechanism. rbcL pseudogene formation in Scrophulariales apparently does not occur via a duplication event followed by subsequent degeneration of one copy of the gene. Instead, primary pseudogene formation has occurred a minimum of three times ( fig. 2) , with the single rbcL locus becoming nonfunctional as a result of relaxed functional constraint on the protein in increasingly heterotrophic plants (see discussion below).
The most extreme pseudogene represented in figure  3 is from Epifagus virginiana where only a small remnant of the gene remains (Wolfe, Morden, and Palmer 1992) . In the holoparasitic species Conopholis americana, there is not even a remnant of the gene left in the plastid genome (Colwell 1994) . Orobanche cernua has a pseudogene that includes a deletion of 330 bp beginning at position 42, flanked by a 12-nt repeat. There is a clear trend in rbcL pseudogene formation in Scrophulariaceae for the accumulation of multiple and/or large deletions. There is also a trend for the accumulation of small insertions, and three of the taxa have stop codons at amino acid position 20 (fig. 3) .
The rbcL pseudogene sequences for B. hookeri and B. strobilacea differ by only a 5-bp insertion at Nicotiana position 106, and both sequences share a stop codon at amino acid position 20. The most parsimonious interpretation of these mutations is that pseudogene formation occurred prior to the divergence of these two species. In contrast, the rbcL pseudogenes of O. cernua and O. ramosa have numerous independent mutations, suggesting that pseudogene formation occurred independently in these species. The different patterns of pseudogene formation among these taxa reflect the difference in taxonomic relationships within Boschniakia from those within Orobanche. For example, B. hookeri and B. strobilacea are morphologically very similar and parasitize closely related host plants in Ericaceae (Heckard 1993) , whereas O. cernua and O. ramosa differ greatly in stem morphology (single stems vs. branched) and host preferences (sunflower vs. tomato; Musselman 1980) . There are a few minor overlaps of insertions or deletions found among taxa in the Orobanchaceae lineage ( fig. 3 ), but the majority of mutations are independent of the phylogenetic history of the taxa.
Synonymous and Nonsynonymous Substitution Rates
The increased synonymous substitution rate observed for holoparasites raises the question of whether the increase is a reflection of a genome-level phenomenon or something associated explicitly with the rbcL locus. Following formal relative-rates tests for the rps2 gene, dePamphilis, Young, and concluded that substantial differences in synonymous substitution rates among parasitic lineages may have resulted from variation in fundamental mutation or repair rates. Some parasitic lineages of Scrophulariaceae exhibiting rate heterogeneity in the rps2 gene sequence (dePamphiis, Young, and Wolfe 1997) do not have long branch lengths in the rbcL tree. Lineages that show accelerated rates of evolution for rps2 but not rbcL include the clade containing Buchnera, Cycnium, and Striga and the clade containing species of Striga. In both the rps2 and rbcL trees, long branches are observed for the holoparasitic taxa traditionally circumscribed by Orobanchaceae. These taxa have rbcL pseudogenes, with the exception of two North American species of Orobanche ( fig. 2 ), but have apparently functional rps2 genes.
Overall rates of molecular evolution of plastid genes are the result of the underlying synonymous substitution rates and effects due to functional constraints on the particular gene (mostly affecting nonsynonymous substitutions; dePamphilis 1995; dePamphilis, Young, and Wolfe 1997). Relative-rates comparisons for sequences of rps2, rbcL, and matK from the parasitic continuum of Scrophulariales will be reported elsewhere. Our preliminary conclusions from the comparison of rps2 and rbcL trees are that rates of molecular evolution appear to vary independently in at least some lineages of parasitic Scrophulariaceae and that underlying patterns of synonymous or nonsynonymous evolution, or both, may differ for the two genes.
It is understandable how loss of photosynthesis will have a direct impact on functional constraint for photosynthesis genes such as rbcL. Several lineages, including heterotrophic taxa traditionally circumscribed by Orobanchaceae, the clade including Lathraea, and the lineage including African holoparasites (Striga through Alectra), have numerous nucleotide substitutions ( fig. 1) . However, some lineages of nonparasites also have long rbcL branch lengths, including Callitrichaceae, Plantaginaceae, and individual taxa within the clade that includes Lentibulariaceae and Acanthaceae ( fig. 1) . The longer branch lengths primarily result from nonsynonymous substitutions (table 2) . Callitrichaceae consist of aquatic plants, Plantaginaceae represent a shift from entomophilous to wind pollination, and Lentibulariaceae include insectivorous plants adapted to wet habitats (Mabberley 1993) . It is unclear how these life history traits might be associated with the molecular evolution of the chloroplast genome. Kellogg and Juliano (1997) noted that several regions within the rbcL sequence are subject to toggling back and forth between amino acid replacements, and several regions are saturated for nucleotide substitutions. These regions are, in general, not associated with highly conserved functional domains of the RuBisCO large subunit. The longer branch lengths and higher K N values for some of the nonparasitic lineages of Scrophulariales may result from this type of phenomenon rather than from a change in the functional constraint of the protein.
Amino Acid Substitutions
Regions of the RuBisCO large-subunit polypeptide are highly conserved across seed plants, with no amino acid replacements (Kellogg and Juliano 1997) in a sample of 499 rbcL sequences (Chase et al. 1993) . For example, important structural domains were conserved across this wide sampling of seed plants, and there are additional conserved sequences of no known function (Kellogg and Juliano 1997) . For the nonparasitic Scrophulariaceae, the same pattern holds (fig. 4) . However, with increasing heterotrophic ability in Scrophulariaceae, there is an apparent loss of conserved amino acid sequences in the RuBisCO large-subunit protein ( fig. 4) . Hemi-and holoparasitic plants of the Scrophulariaceae have more amino acid replacements in the large subunit of RuBisCO than do photosynthetic plants, and holoparasites have more substitutions than do hemiparasites ( fig. 4) . However, biochemically similar amino acid replacements (e.g., replacing leucine with isoleucine) often do not affect the structure and/or function of the protein and are therefore effectively neutral replacements. The exception to this is the case in which an amino acid substitution occurs in an important structural motif such as the active site. For example, table 1 of Kellogg and Juliano (1997) depicts shifts from one amino acid to a biochemically similar amino acid at activesite positions 60 (E → D), 123 (N → G, Q, S), 175 (K → R, H), 177 (K → R), 294 (H → K), 295 (R → K), 327 (H → K, R), 334 (K → R), and 379 (S → C, T); each of these substitutions results in Ͻ1% or no activity of the enzyme. Shifts involving biochemically similar residues at sites with no known structural functions show no effect on enzyme activity (e.g., sites 198
, and 338 [D → E]; Kellogg and Juliano 1997) . Plotting the number of amino acid replacements against the strict-consensus tree gives a first indication of molecular evolution of the protein but does not elucidate the effect of molecular evolution on the structure and/or function of the protein.
Although there is an increasing amount of amino acid replacement with increasing heterotrophy (table 3  and fig. 4 ), the overall effect of these replacements on the protein structure as inferred from the pam250 analysis is minimal (table 4 and fig. 2 ). The only pam250 scores significantly different from the reference protein are pseudogene sequences. The translated protein sequences from the holoparasitic rbcL ORFs (Alectra orobanchoides, Harveya capensis, Harveya purpurea, Lathraea clandestina, O. corymbosa, O. fasciculata, Striga gesnerioides) are nearly identical to photosynthetic plants in terms of inferred structure. Furthermore, for most of the holoparasites with rbcL ORFs, or for hemiparasites in lineages including holoparasitic taxa, there are few additional amino acid substitutions in critical structural features of the RuBisCO large-subunit polypeptide compared with nonparasites (table 4) . Holoparasites with ORFs have a slightly higher (but not significant) number of total changes in important structural motifs and pam250 score differences than do hemiparasites and nonparasites, but the overall substitution patterns are very similar to those of nonparasitic plants (table 4). Hence, despite increased synonymous and nonsynonymous substitutions in nonphotosynthetic parasites, the functionality of RuBisCO may not change dramatically with increasing heterotrophy. The exception in this study is the holoparasite L. clandestina, which expresses rbcL at low levels (Bricaud, Thalouarn, and Renaudin 1986; Thalouarn, Arnaud, and Renaudin 1989; Delavault, Sakanyan, and Thalouarn 1995) . This species of Lathraea has sustained a number of nonconservative amino acid substitutions in important structural motifs in a pattern similar to the hypothetical in-frame translation of Hyobanche (table 4). The overall pam250 scores for Lathraea are lower than scores from other taxa with rbcL ORFs (fig. 2 ), yet the gene is minimally expressed. From the results of this analysis, we hypothesize that the low levels of RuBisCO activity in Lathraea may be partly a result of low expression levels (Bricaud, Thalouarn, and Renaudin 1986; Thalouarn, Arnaud, and Renaudin 1989; Delavault, Sakanyan, and Thalouarn 1995) and partly due to the function-altering mutations sustained by the protein.
Retention of rbcL in Holoparasitic Plants
Open reading frames for the rbcL gene have been retained in 7 of the 13 holoparasitic taxa examined in this study. Furthermore, the gene is expressed in L. clandestina (Bricaud, Thalouarn, and Renaudin 1986; Thalouarn, Arnaud, and Renaudin 1989; Delavault, Sakanyan, and Thalouarn et al. 1994 ), although at low levels. Expression of the rbcL gene has also been noted in the holoparasitic genus Cuscuta (Cuscutaceae; Haberhausen, Valentin, and Zetsche et al. 1992; Machado and Zetsche 1990) and in the heterotrophic alga Astasia longa (Siemeister and Hachtel 1990) . Taken together, the retention of rbcL ORFs, analyses of their evolutionary patterns , and the expression of the gene in several heterotrophic lineages suggest that the gene remains functional after the loss of photosynthesis.
Wolfe and dePamphilis (1997) suggested three alternative hypotheses for the retention of rbcL in holoparasitic plant lineages: (1) the plant requires RuBisCO activity for low levels of autotrophic carbon fixation; (2) the oxygenase activity may be functional in the glycolytic pathway; and (3) ORFs are maintained not by functional constraint but by chance, implying that loss of photosynthesis has been too recent for sufficient accumulation of deleterious mutations.
Some parasitic plants of Scrophulariaceae and other parasitic plant families perform photosynthesis only during a discrete phase of the life cycle, such as seedling development or seed maturation (Kuijt 1969, p. 95) . These plants would technically be hemiparasites because of the minimal retention of photosynthetic pigments and some capacity for autotrophic carbon fixation, but they do not resemble other hemiparasites with well-developed green leaves and normal photosynthetic abilities (e.g., Castilleja or Pedicularis). For example, the hemiparasitic genus Tozzia spends several years of its life cycle as an achlorophyllous underground parasite, but then a green flowering shoot emerges (and after seed set, the entire plant dies; Kuijt 1969, p. 95) . Such cryptic hemiparasitism would easily be confused with holoparasitism, and it may be that the retention of rbcL in so many holoparasitic Scrophulariales, as well as in Cuscuta and many mycoheterotrophic monocots (M. Chase, personal communication), may be due to this life history trait.
Physiological data are helpful in elucidating whether cryptic hemiparasitism is the only possible explanation for the retention of rbcL ORFs in holoparasites in Scrophulariaceae. Striga belongs to the African parasite clade ( fig. 1) , which includes several genera with one or more holoparasitic species. Striga hermonthica and S. gesnerioides have chlorophyll and intact rbcL ORFs, but physiological data have demonstrated that these hemiand holoparasites, respectively, obtain most or all of their reduced carbon from their host plants (Press, Smith, and Stewart 1991) and could presumably survive without fixing any carbon themselves. In Scrophulariaceae, the presence of chlorophyll is apparently not enough of an indicator to determine whether a plant is functionally a hemiparasite or a holoparasite. Similarly, the presence of an rbcL ORF is not a sufficient indicator that the plant is functionally photosynthetic.
The question remains, then, whether the oxygenase activity or some completely unexpected function of RuBisCO is important in parasitic plants. RuBisCO oxygenase activity results from a competitive reaction from photorespiration and is involved in glycolate metabolism (e.g., glycine and serine biosynthesis; Miziorko and Lorimer 1983) . To invoke oxygenase activity as a necessary function of glycolate metabolism in parasitic plants implies that amino acid biosynthesis via this pathway is crucial for parasitic plants. However, physiological studies (Press, Shah, and Stewart 1986) have demonstrated that nitrogen reduction and the distribution of glutamine synthetase isoforms, which function in nitrate reduction, are drastically reduced with increasing heterotrophy. Press, Shah, and Stewart (1986) argued, ''[t] hese reductions in the capacity of parasitic angiosperms to assimilate inorganic nitrogen ions reflect the plant's access to a reduced organic nitrogen supply. It is likely therefore that they may also lack the ability, or demonstrate a reduced ability to interconvert amino acids, since they are readily available from the host xylem and phloem tissue via the haustorium.'' With the ability to absorb reduced nitrogen compounds from a host plant, it seems unlikely that glycolate metabolism resulting from photorespiration is critical in parasitic plants unless amino acid availability from the host is insufficient.
In our previous examination of four species of Orobanche , we demonstrated that stochastic factors alone are unlikely to explain the retention of rbcL ORFs in the holoparasites O. corymbosa and O. fasciculata. This conclusion was based on a mathematical model that estimated the probability of retention of an intact ORF after the loss of photosynthesis. It is also consistent with the observation reported here that there are many more synonymous substitutions than nonsynonymous substitutions, implying a functional constraint on the rbcL gene product in these species. We also examined the 5Ј and 3Ј untranslated regions of rbcL for the four species of Orobanche and found that in O. corymbosa, but not necessarily in O. fasciculata, the promoter, ribosome-binding region, and termination sequences were similar to those of photosynthetic plants or to those of parasitic plants known to have rbcL gene expression. It is certainly possible that the sequence from O. fasciculata represents a cryptic pseudogeneone in which the reading frame is still intact but the sequence is not expressed due to changes in the upstream or downstream control regions. If so, then the implication is that initial degradation of the gene may be slow, but once a stop codon or frame-altering indel occurs, the gene structure is no longer constrained. This certainly appears to be a plausible hypothesis when reviewing the information gained from this study: (1) there is an increase in the rate of synonymous substitutions with increasing heterotrophy, possibly due to increased rates of error in plastid DNA replication or repair in parasitic plants (dePamphilis, Young, and Wolfe 1997); (2) there is an increase in amino acid replacement with increasing heterotrophy, but the replacement pattern is largely neutral until functional constraints have been released; (3) heterotrophic plants may retain a viable rbcL gene or ORF after the loss of photosynthesis as a result of either chance or functional constraints for an unknown, nonphotosynthetic function of RuBisCO in some parasites; and (4) with a small disruptive mutation to the rbcL locus (e.g., Hyobanche), there is a dramatic increase in accumulated mutations. With the relaxed functional constraints associated with the adaptation to heterotrophy, it is apparent that there is no cost to the loss of the gene for many holoparasitic plants, but neither is there a substantial cost to maintaining an ORF.
